The structures and magnetic properties of Pr-Fe-Al alloys produced by the metallic mold casting method were investigated. The Pr-Fe-Al alloy consisted of the amorphous phase together with the non-ferromagnetic Pr phase. Magnetic measurements confirmed that the origin of coercivity in the alloys was the amorphous phase. It was found that the Curie temperature and coercivity of the alloys were strongly dependent on the composition of the amorphous phase.
Introduction
Bulk amorphous alloys have recently been attracting interest in the science and engineering fields. Such a bulk amorphous material can be produced by either shock compaction of amorphous powders or the metallic mold casting or suction casting methods. [1] [2] [3] [4] Shock compaction has been successfully used for the production of bulk amorphous alloys of various alloys. 5, 6) However, there has been no practical application of this technique due to the difficulties involved in the process. On the other hand, the metallic mold casting method has been applied to the production of bulk amorphous alloys of binary and ternary system alloys. 7, 8) As a result of intensive research on new alloys for bulk amorphous materials, bulk amorphous materials of Zr-Al-TM, Mg-Ln-TM, and Ln-Al-TM (TM: transition metal, Ln: lanthanide metal) alloys have been produced by the metallic mold casting method. 7) In a series of studies of bulk amorphous materials, Inoue et al. have found that bulk amorphous materials of R-Fe-Al (R: Nd, Pr) alloys exhibit high coercivity. 9, 10) In the melt-spinning technique, Pr 1Àx Fe x (x ¼ 0:4{0:7) binary alloys with high coercivity has been reported by J. J. Croat. 11) The origin of the coercivity in these amorphous materials has been studied by various researchers, but is not still clear. [12] [13] [14] [15] In this study, cylindrical bulk specimens of Pr-Fe-Al alloys have been produced by the metallic mold casting technique. The magnetic and microstructural studies of the resultant bulk materials were carried out to investigate the magnetic properties of the Pr-Fe-Al alloys produced by the metallic mold casting method. The relationship between the coercivity and Curie temperature of the resultant Pr-Fe-Al alloys are discussed.
Experimental Procedures
Pr 1Àx Fe x (x ¼ 0:1{0:4) and Pr 1ÀxÀy Fe x Al y (x ¼ 0:1{0:4, y ¼ 0{0:2) alloy ingots were prepared by arc melting in an argon atmosphere. Small amounts of the ingots were placed in a quartz crucible with an orifice of 0.6 mm at the bottom. The ingots were induction melted in an argon atmosphere and then ejected through the orifice with high-pressure argon into a water-cooled copper mold. The resultant specimens had a cylindrical shape of 1-3 mm in diameter and 50 mm in length. In spite of the high oxidation tendency of rare-earthcontaining alloys, the cylindrical specimens had a smooth surface. The composition of the specimens was determined by chemical analysis. The phases of the specimens were identified by X-ray diffraction (XRD) using Cu K radiation. The thermal properties of the specimens were measured in an argon atmosphere at a heating rate of 0.16 K/s using a differential scanning calorimeter (DSC). The magnetization of the specimens was examined in a helium atmosphere at an applied field of 40 kA/m by a vibrating sample magnetometer (VSM). The VSM was calibrated using a pure nickel sphere. The hysteresis loops of the specimens (3 mm in diameter and 10 mm in length) were measured by a recording fluxmeter with a maximum applied field of 1.6 MA/m.
Results and Discussion
In the metallic mold casting method, the solidification rates of cylindrical specimens have been found to vary from 3 Â 10 2 K/s for a specimen of a 3 mm in diameter to 1 Â 10 3 K/s for a specimen of 1 mm diameter. 16) However, the specimens of the Pr-Fe-Al alloys exhibited virtually the same magnetic properties regardless of the diameter investigated. Since handling and property measurements of the cylindrical specimen of 1 mm in diameter were difficult, only the results of the magnetic and structural studies of the cylindrical specimen of 3 mm in diameter were studied and are presented here. Figure 1 shows the XRD patterns of the alloy ingot and the cylindrical specimen of the Pr 80 Fe 20 alloy. The XRD pattern of the alloy ingot can be assigned to the Pr and Pr 2 Fe 17 phases. According to the Pr-Fe phase diagram, the alloy should consist of the Pr and PrFe 2 phases. However, no clear diffraction peak of the PrFe 2 phase is found in the XRD pattern. The PrFe 2 phase is formed by a peritectic reaction from the liquid and primary Pr 2 Fe 17 phase, which is also formed by a peritectic reaction from the liquid and primary iron phase. Thus, the formation of the deep peritectic PrFe 2 phase is very difficult during solidification, due to the nature of the relatively slow peritectic reaction. On the other hand, the XRD pattern of the cylindrical specimen can be assigned to that of the Pr phase. The diffraction peak of the Pr 2 Fe 17 peritectic phase forms a broad halo peak in the XRD pattern. Due to the high solidification rate of the metallic mold casting method, the peritectic reaction tends to be inhibited and thus the remaining liquid phase experiences a significant undercooling before solidification takes place. In such an undercooled melt, the amorphous phase can form thermodynamically. Only the Pr phase is found and no ironcontaining phase is seen in the XRD pattern, suggesting that the relatively high solidification rate of the metallic mold casting method results in the formation of the amorphous phase together with the Pr phase. Figure 2 shows the DSC curve of the cylindrical bulk specimen of the Pr 80 Fe 20 alloy and the XRD pattern of cylindrical bulk specimen after the DSC measurement. The XRD pattern of the cylindrical specimen of Pr 80 Fe 20 alloy can be assigned to that of the Pr phase [see Fig. 1(b) ]. The DSC curve shows a small exothermic peak at around 780 K. This suggests that the specimen contains some amorphous phase together with the Pr phase. After the DSC measurement, the diffraction peaks of the XRD pattern are indexed to the Pr and Pr 2 Fe 17 phases. Thus, the crystallization phase corresponding to the exothermic peak is believed to be the Pr 2 Fe 17 phase. This confirms the existence of the amorphous phase in the cylindrical specimen. Figure 3 shows the hysteresis curves of the alloy ingot and the cylindrical specimen of the Pr 80 Fe 20 alloy. In order to avoid the necessity of demagnetization correction for the VSM measurements, the specimens (3 mm in diameter and 10 mm in length) were measured by a recording fluxmeter. In the case of the alloy ingot, the specimens for hysteresis measurements were cut out from the large ingot to a cubic shape by a low-speed diamond wheel. The alloy ingot shows a slender waist in the curve. Such a hysteresis curve is often found in specimens with a mixture of the soft magnetic phase and hard magnetic phase. This implies that the alloy ingot contains a considerable amount of the soft magnetic phase together with the hard magnetic phase. According to the results of the XRD studies, the alloy ingot consists of the Pr and Pr 2 Fe 17 phases. It has been reported that the Pr 2 Fe 17 phase shows saturation magnetization, but is not a hard magnetic phase. Thus, the hard magnetic phase in the alloy ingot would be the amorphous phase. On the other hand, the cylindrical specimen exhibits a smooth hysteresis curve with a high coercivity of 340 kA/m. This suggests that the cylindrical specimen consists of the hard magnetic phase. Figure 4 shows the thermomagnetic curves of the alloy ingot and the cylindrical specimen of the Pr 80 Fe 20 alloy. The thermomagnetic curve of the alloy ingot clearly shows two large magnetic transitions. Although the lower magnetic From the results of the hysteresis measurements, the higher magnetic transition near 450 K is considered to be the Curie temperature of the amorphous phase. On the other hand, the thermomagnetic curve of the cylindrical specimen exhibits a single magnetic transition at 480 K. This confirms that the cylindrical specimen does not consist of the Pr 2 Fe 17 phase. Since the cylindrical specimen produced by the metallic mold casting method contains some amorphous phase together with the non-ferromagnetic Pr phase, the magnetic transition at 480 K corresponds to the Curie temperature of the amorphous phase. The thermomagnetic measurements indicate that the cylindrical specimen contains a larger amount of the hard magnetic phase than the alloy ingot. This confirms that the cylindrical specimen contains a larger amount of the amorphous phase than the alloy ingot. As described above, it was found that the origin of the coercivity in the Pr 80 Fe 20 alloy is the amorphous phase. One of the parameters affecting the structure and hence the magnetic properties of cylindrical specimens produced by the metallic mold casting method is the composition of the alloy. It has been reported that the addition of aluminum to binary Pr-Fe alloy promoted the formation of the amorphous phase. Thus, cylindrical specimens of Pr-Fe-Al alloys were produced by the metallic mold casting method in order to investigate the amount of amorphous phase contained and the magnetic properties. Fig. 8 . The coercivity of the cylindrical specimens decreases as the Al content of the specimen increases. This suggests that the coercivity of the cylindrical specimens is dependent on the composition of the Pr-Fe-Al alloys. According to the results of the XRD and DSC studies, the substitution of Al for Pr in the Pr-Fe alloys resulted in an increase in the amount of the amorphous phase in the cylindrical specimens. The corresponding Curie temperature of the cylindrical specimens also decreases as the Al content of the specimen increases. Unlike other magnetic properties such as coercivity and remanence, the Curie temperature is the fundamental magnetic property of the ferromagnetic phase and is dependent only on the structure of the ferromagnetic phase. This indicates that the structure of the ferromagnetic phase, in this case the amorphous phase, of the cylindrical specimens differs among the cylindrical specimens. The different ferromagnetic phases consequently gave rise to the observed differences in coercivity of the cylindrical specimens. In other words, the origin of the coercivity of the cylindrical specimens produced by the metallic mold casting method is the nature of the contained amorphous phase. In the Pr-Fe-Al alloys, the amorphous phase of the Pr-Fe-Al alloys exhibited a lower Curie temperature and a lower coercivity than that of the PrFe binary alloys.
The magnetic properties of the Pr-Fe-Al alloys produced by the metallic mold casting method are shown in Fig. 9 . Regardless of the composition, virtually the same Curie temperature was obtained from the cylindrical specimens of binary Pr-Fe alloys. This indicates that the hard magnetic phase, in this case the amorphous phase, of the cylindrical specimens of the binary Pr-Fe alloys has virtually the same composition in the different specimens. In other words, the amorphous phase gives rise to the observed high coercivity in the cylindrical specimens of the binary Pr-Fe alloys. The differences in the coercivity of the cylindrical specimens of the binary Pr-Fe alloys are due to the differences in the amount of the amorphous phase in the cylindrical specimens. The highest coercivity was observed in the near eutectic composition (Pr 80 Fe 20 ), where the formation of the amorphous phase is relatively favored. It was found that the addition of Al to the binary Pr-Fe alloys resulted in a decrease in the Curie temperature and the corresponding coercivity of the cylindrical specimens of the Pr-Fe-Al alloys. This confirms that the composition of the hard magnetic phase, in this case the amorphous phase, is deeply dependent on the Al content of the Pr-Fe-Al alloys. It has been reported that the structure of the amorphous phase can be examined by an extended X-ray absorption fine structure (EXAFS) study. 17) A further EXAFS study is needed to clarify the differences in the amorphous phases of the cylindrical specimens of the Pr-Fe-Al alloys.
The above results indicate that the coercivity of Pr-Fe-Al alloys is dependent on the composition and amount of the amorphous phase in cylindrical specimens produced by the metallic mold casting method. However, these cylindrical specimens produced by metallic mold casting exhibit relatively low saturation magnetization, due to the large amount of the non-ferromagnetic Pr phase. If amorphous alloys with a small amount of the non-ferromagnetic Pr phase can be realized, they could form the basis of new permanent magnet materials.
Conclusion
Pr-Fe and Pr-Fe-Al alloys were produced by the metallic mold casting method. The magnetic and microstructural studies of the resultant bulk materials were carried out to investigate the magnetic properties of the Pr-Fe-Al alloys produced by the metallic mold casting method. Although the Pr-Fe alloy ingot consisted of the Pr 2 Fe 17 and Pr phases together with a small amount of the amorphous phase, the cylindrical specimen consisted of the Pr and amorphous phases. Thermomagnetic and hysteresis measurements revealed that a large coercivity in the cylindrical specimen was due to the amorphous phase. The substitution of Al for Pr resulted in a decrease in the Curie temperature. The resultant coercivity of the Pr-Fe-Al alloys produced by the metallic mold casting method was dependent on the alloy composition.
